Bacteriophage 4X174 cannot grow in a temperature-sensitive dnaE (DNA polymerase III) mutant of Escherichia coli C at the nonpermissive temperature. The inability to grow is the result of inhibition of virus DNA synthesis. The synthesis of the parental replicative form is unaffected, but the replication of the replicative form and the synthesis, of the single-stranded virus DNA are inhibited.
Several DNA synthesis and DNA polymerase mutants of Escherichia coli have recently been isolated. Mutants defective in genes polA and polB, which code for DNA polymerases I and II, respectively, are able to replicate (2, 7) . Thus, neither of these polymerases is essential for bacterial chromosome replication. Conditional lethal mutants in other loci have been isolated and mapped (19) . Mutants at one of these loci, dnaE, synthesize defective DNA polymerase III molecules (6, 14) . This enzyme is required for replication of the bacterial chromosome.
In examining the roles of the products of these DNA synthesis loci in DNA replication, it is desirable to follow the replication of a small DNA molecule whose replicting intermediates can be isolated intact. The bacteriophage 4X174 DNA molecule and its replicating forms can easily be isolated and characterized. This virus carries a limited amount of genetic information. It codes for no known DNA polymerase. Since it must use the E. coli DNA synthesis system to replicate its DNA, it should be a useful probe in this examination.
DNA polymerases I and II are not essential for OX174 DNA replication (2) . We have isolated a temperature-sensitive dnaE mutant of E. coli C, the normal 4X174 host strain. We report here the effects of this mutation on the replication of the DNA of this virus in vivo.
MATERIALS AND METHODS
Bacteria and phage strains. LD301 (uvrA-, thyA-, endI-, dnaE") is a nitrosoguanidine-induced, temperature-sensitive mutant of H502 (uvrA -, thyA -, endIl) isolated in our laboratory. The temperaturesensitive locus cotransduces with tonA at a frequency of 60%, thus identifying this marker as dnaE (19) . The mutant bacteria grow well at 30 C but cannot form visible colonies on agar medium at 41 C. The details of the isolation of this mutant and its characterization will be published elsewhere.
Strain C is the standard host for 4X174 used here to prepare all phage stocks. HF4714 is an amber suppressor 4X174 host strain. OX174am3 is an amber mutant in gene E (lysis defective) and is the phage used in all experiments described in this report.
E. coli C, HF4714, and H502, and phage OX174am3 were obtained from R. L. Sinsheimer.
Media and buffers. TPGA medium is TPG medium (17) with 1.0 g of KH2PO4 and 10 g of Casamino Acids per liter. Starvation buffer has been described (3).
Growth and purification of 4X174. Nonradioactive phage were prepared as previously described (4). 32P-labeled phage were grown as described by Sinsheimer et al. (17) , and purified as described by Francke and Ray (5) . The specific activity of the purified phage was approximately Portions of the culture were aerated at 30 C and 41 C. At 30 and 60 min after aeration was resumed (zero time), portions of the 30 C culture were shifted to 41 C. At the indicated times 0.1-ml portions were withdrawn into lysis buffer. Total PFU were then determined. Symbols: 0, PFU per ml from a culture incubated at 30 C; 0, PFU per ml from a culture incubated at 41 C; 0, PFU per ml from a culture shifted to 41 C at 30 min; A, PFU per ml from a culture shifted to 41 C at 60 min. Arrows indicate the times of shifts from 30 to 41 C.
infection is several-fold higher. At 41 C phage synthesis is faster than at 30 C (unpublished observations). Figure 1 also shows that temperature shifts from 30 to 41 C at 30 and 60 min after infection result in a slowly decreasing rate of phage synthesis, all synthesis having terminated by 30 to 60 min after the shift.
These results indicate the dnaE gene product VOL. 11, 1973 of the host bacterium is required for the synthesis of progeny phage.
4X174 DNA synthesis at 41 C. The temperature-sensitive mutation in the host bacterium LD301 specifically affects host DNA synthesis.
The effect of this mutation on kX174 DNA synthesis was examined in phage-infected cells by measuring the incorporation of 3H-thymine into phage DNA at 30 and 41 C. Bacteria grown at 30 C were treated with mitomycin C prior to infection to specifically inhibit host DNA synthesis (11) . Infected cells were then incubated at the two temperatures. Figure 2 shows that the level of radioactive DNA synthesized at 41 C in phage-infected cells is no higher than that in uninfected cells incubated at 30 C and 41 C. No detectable phage DNA synthesis occurs.
When 30 C cultures of infected cells were shifted to 41 C at 30 and 60 min after infection, the phage DNA synthesis rate slowly decreased, reaching zero by 30 to 40 min after the shift. The termination of net phage DNA synthesis was followed by a period of apparent degradation of phage DNA. Under similar experimental conditions, cultures of uninfected mutant cells, not treated with mitomycin C, cease net DNA synthesis 30 to 40 min after a shift from 30 to 41 C (unpublished data).
These data indicate that the product of the host dnaE gene is required for 4X174 DNA synthesis. Parental replicative form synthesis at 41 C.
The replication of OX174 DNA occurs in three distinct stages (16 15-min infection period. The "P-labeled singlestranded DNA band is due, at least in part, to DNA released during the lysis and Pronase treatments from phage particles still attached to the cell surface. The relative size of this band decreases with the number of borate-EDTA washes prior to lysis.
A comparison of Fig. 3B to 3A shows that a 15-min preincubation of the mutant host culture at 41 C prior to infection followed by a 15-min infection period at 41 C caused no reduction in the amount of 32P-labeled phage DNA converted to RF relative to that at 30 C. In fact, there is 2.3-fold more 3"P-DNA in the RF bands. In contrast, the amount of 3H-labeled progeny RF made at 41 C is only 40% that at 30 C.
Similarly, preincubation of the mutant host culture at 41 C for 30 min prior to infection causes no reduction in the conversion of parental virus DNA label to RF at 41 C (compare Fig. 3D to 3C ). The amount of 'H-labeled progeny RF made at 41 C in this experiment is only 30% that at 30 C.
We have extended the preincubations at 41 C to 1 and 2 h and find no decrease in the efficiency of conversion of parental DNA to parental RF at 41 C compared to that at 30 C. The 3H label in RF DNA from these 41 C cultures is barely detectable and represents at most 5% of that from the 30 C cultures (unpublished data).
These results show that the product of the host dnaE gene is not required for the synthesis of kX174 parental RF.
4X174 RF replication at 41 C. The results of the experiments described in Fig. 3 indicate that kX174 RF replication is inhibited during the first 15 min of infection at 41 C. To examine this inhibition in more detail, we pulse-labeled $X174-infected LD301 cultures at 15 and 30 min after a shift from 30 to 41 C and compared the rates of RF DNA synthesis at the two temperatures. The cultures were treated with mitomycin C prior to infection and infected in the presence of 30 ,g of chloramphenicol per ml.
This concentration of chloramphenicol allows RF replication to proceed for several hours and VOL. 11, 1973 prevents single-stranded virus DNA synthesis (17) .
Lysates of these pulse-labeled cultures were then sedimented through sucrose gradients. Figure 4A shows the sedimentation profile of the lysate of the 30 C culture, and Fig. 4B shows that of the 41 C culture, pulse-labeled at 15 min after the shift. The radioactive label in the RF region in gradient B is only about 17% of that in gradient A.
In a separate experiment a portion of a similarly infected culture was incubated for 30 min after the shift to 41 C before pulse-labeling. Figure 4D shows that the amount of 3H label in RF DNA from the 41 C culture is again only about one-fifth that from the 30 C culture (Fig.  4C) .
When 4X174-infected cultures of LD301 were pulse-labeled during the period of RF replication immediately after the shift to 41 C, we observed 2.4-fold more pulse-label in RF DNA The results of these experiments show that the product of the host dnaE gene is required for the replication of kX174 RF DNA.
Single-stranded phage DNA synthesis at 41 C. A culture of LD301 was infected with kX174am3 and incubated at 30 C for 45 min. By this time single-stranded virus DNA is being synthesized and encapsulated in mature phage particles (see Fig. 1 ). Label incorporated into RF molecules during short pulses at this stage is found predominantly in the viral strand and chases into virus particles (10) . 4 . Zone sedimentation of phage DNA from X1 74-infected LD301 pulse-labeled during RF replication. Bacteria cultures were grown and treated with mitomycin C as described in Fig. 2 . Treated cells were resuspended in TPGA medium supplemented with I .tg of thymine and 30 ,ug of chloramphenicol per ml. Phage were added at a multiplicity of 3. The cultures were incubated at 30 C. At 20 min after addition of phage, one-half of the culture was shifted to 41 C. After 15 min 10 ml of the 30 C and the 41 C cultures were pulse-labeled for 1 min with 125 MCi of 8H-thymidine (A and B, respectively). In a separate experiment, similar 10-ml cultures of 30 C and 41 C were pulse-labeled for 1 min at 30 min after the shift to 41 C. The labeled cultures were rapidly chilled by the addition of an equal volume of acetone chilled in a methanol-dry ice bath. The cells were collected, washed, lysed, and digested with Pronase. The Iysates were sedimented through linear sucrose gradients as described in Materials and Methods. Arrows indicate the peak positions of added '2P-labeled 4X174 virus DNA marker. Total radioactivity was determined in 0.4-ml portions of each fraction diluted to 1 ml with water. Figures 5A and 5B show the sedimentation profiles of the DNA pulse-labeled at 30 C and 41 C, respectively, at 10 min after the temperature shift. Figures 5C and 5D represent similar analyses of portions of the two cultures pulselabeled at 20 min after the shift, and Fig. 5E and 5F at 40 min. In all of the gradients the RFII band is centered near fraction 30, and the free single-stranded virus DNA band position, marked by added 32P-DNA, is indicated by the arrow. Phage DNA not liberated from phage particles during the Pronase digestion is found on the dense cushion at the bottom of each gradient.
The amount of radioactive label incorporated into the phage DNA species during the 30 C pulses at 10, 20, and 40 min after the shift is approximately the same. The rate of phage DNA synthesis at 30 C during this time period is therefore constant. The rate at 41 C, however, decreases. Comparison of Fig. 5B to 5A shows that at 10 min after the shift phage DNA synthesis is occurring at a 3.2-fold greater rate at 41 C than at 30 C. Ten minutes later the rate at 41 C has decreased to 54% of that at 30 C. at 40 min after the shift the 41 C rate is only 26% of that at 30 C. The rate of virus DNA synthesis at 20 and 40 min after the shift is, therefore, approximately 17 and 8%, respectively, of that at 10 min after the shift.
Single-stranded virus DNA and phage particles are synthesized at 41 C, even after 40 min at this temperature. But the rate of synthesis has been reduced to only 8% of the initial rate at 41 C.
These results show that the product of the host dnaE gene is required for the synthesis of single-stranded 4X174 DNA. DISCUSSION 4X174 RF replication occurs on the cell membrane (9) , as does E. coli DNA replication (18) . The replication of the E. coli chromosome requires DNA polymerase II (6, 14) . We have shown here that RF replication is inhibited at the nonpermissive temperature in a dnaE mutant. DNA synthesis. A 60-ml culture of bacteria in TPGA plus thymine was incubated at 30 C until the cell density reached approximately 5 x 108 cells per ml. The cells were collected, washed in starvation buffer, and resuspended in 5 ml of the same. Phage were added at a multiplicity of 3, and the suspension was incubated for temperature. We conclude that DNA polymerase III is also required for the synthesis of OX174 single-stranded DNA.
The synthesis of 4X174 parental RF is not inhibited in this dnaE mutant. The conversion of parent phage DNA to the double-stranded replicative forms occurs even after 1 to 2 h of preincubation of the culture at 41 C. Little or no progeny RF replication occurs after such prolonged preincubation. We conclude that DNA polymerase III is not required for parental RF synthesis in this host.
Others have shown that kX174 can grow in mutants defective in DNA polymerases I and II (2, 7). Presumably parental RF synthesis occurs in these mutants, indicating that neither of these polymerases is required in cells that have normal DNA polymerase Ill activity.
Further evidence concerning the possible roles of the three known DNA polymerases in parental RF synthesis comes from experiments using cell-free extracts. Extracts of polA-polB+ dnaEts E. coli are defective in the conversion of added 4X174 virus DNA to the double-stranded form (15, 20) . Extracts of polA-polB+ dnaE+ cells are not defective. Thus, DNA polymerase III is required for the in vitro reaction in extracts defective in DNA polymerase I activity. Extracts of polA-polB -dnaE+ bacteria can catalyze the in vitro reaction (20) . Thus, DNA polymerase II activity is neither required nor sufficient.
A possible explanation for the requirement of DNA polymerase III activity for the conversion of 4X174 virus DNA to a double-stranded molecule in these cell extracts, and no such requirement for parental RF synthesis in vivo in LD301, is that both DNA polymerases I and III might act as catalysts for these reactions. 
